Abstract-Sediment extracts from a creek in the Neckar river basin (Germany), which received the discharge of treated hospital wastewater, were found to exhibit strong aromatic hydrocarbon (Ah) receptor-mediated effects in a rainbow trout liver cell line (RTL-W1) as well as high mutagenicity in the Salmonella/microsome assay after fractionation. The crude extract did not exhibit a clear mutagenic response. Apparently, cleanup or fractionation before mutagenicity testing is necessary to minimize the risk of false-negative results. Effect-directed fractionation and analysis were applied to characterize and identify the toxicants that cause these effects. Major ethoxyresorufin-O-deethylase induction potency and mutagenicity were detected in different polyaromatic fractions, indicating different sets of toxicants that induce metabolic activation and mutagenicity. Dioxin-like halogenated aromatic hydrocarbons, including polychlorinated biphenyls, naphthalenes, dibenzo-p-dioxins and furans, and priority polycyclic aromatic hydrocarbons, contributed to Ah receptor-mediated activity only to a minor extent. Benzo[a]pyrene, benzo[a]fluoranthene, and perylene could be confirmed as important contributors to mutagenicity. The nonpriority pollutants 11H-indeno[2,1,7-cde]pyrene, a methylbenzo[e]pyrene, and a methylperylene were tentatively identified as major components, representing 82% of the peak area of a highly mutagenic fraction of the sediment extract. This suggests that hazard and risk assessment of complex environmental mixtures should make increasing attempts to identify and consider hazardous key pollutants rather than focusing on a priori-selected key pollutants alone.
INTRODUCTION
Sediments play an important role as sinks for refractory organic compounds of anthropogenic origin. Sediment-associated mutagenic xenobiotics have been implicated in the development of tumors in bottom-feeding fish [1] [2] [3] [4] as well as in the induction of genotypical and phenotypical alterations in aquatic organisms, which may lead to malformation, loss of fertility, or immune deficiency [5] . On the population level, the chronic exposure to mutagens may affect genetic diversity and reduce the average fitness of a population [6] . Polycyclic aromatic hydrocarbons (PAHs) are well-known mutagens in the environment. Thus, positive correlations between the prevalence of hepatic neoplasms in fish and PAH concentrations in sediments as found, for example, in the Puget Sound (WA, USA) suggest mutagenic PAHs as a probable cause of fish tumors [7] . However, logistic regression analyses of data regarding contaminant concentrations and the prevalence of liver tumors in English sole (Parophrys vetulus) from various sites in Puget Sound revealed that priority PAH concentrations explain only 12% of the observed variation in neoplasm prevalence [8] . This clearly demonstrates the need for an effectdirected identification of the mutagenic and carcinogenic burden of sediments.
A generally accepted biotest for the detection of mutagenicity of individual compounds as well as environmental sam-ples is the Salmonella/microsome assay [9] , which has been widely used to assess mutagenic activity of wastewater and sediments. Within the last years, however, it has become increasingly evident that nonmutagenic effects also contribute significantly to carcinogenesis [10] [11] [12] . On the other hand, some chemicals that display clear in vitro mutagenicity in the Salmonella/microsome assay are devoid of carcinogenicity in rodent lifetime bioassays [13] . Balch et al. [1] found mutagenicity of sediment extract fractions to be a poor indicator of carcinogenicity. The major reason for that may be the complexity of processes resulting in a carcinogenic response. These include the alteration of DNA sequences by genotoxic compounds, enzymatic activation of indirect mutagens, nongenotoxic effects of epigenetic carcinogens, and receptor-mediated as well as tumor-promoting effects, including the modulation of cell proliferation, disruption of the mitotic spindle apparatus, and alteration of signal transduction pathways and intercellular communication [12, 14] . It was suggested that the potency of an indirect carcinogen to induce the enzymes, primarily cytochrome P450 proteins, that catalyze their own activation, is a decisive parameter determining carcinogenicity [13] . The induction of cytochrome P4501A (CYP1A), which plays a major role in the activation of PAHs [15] , is closely related with binding to the cytosolic aromatic hydrocarbon (Ah) receptor. The interaction with the Ah receptor also is related to cellular proliferation and promotion of mutated cells [13] . Thus, for complex environmental mixtures, such as contaminated sediments, it may be hypothesized that two crucial requirements for carcinogenicity are the presence of indirect and direct mutagens as well as the presence of Ah receptorbinding compounds inducing CYP1A.
Sediment extracts from the Forellenbach creek in the Neckar river basin (Germany), which received the discharge of treated hospital wastewater, were found to strongly induce CYP1A, measured as ethoxyresorufin-O-deethylase (EROD), in chicken embryos [16] . The sediment extracts also revealed significant mutagenicity in the Ames tests using strain TA98 with S9 [17, 18] . Regarding the assumed point source of pollution and the fact that many sediment-associated mutagens, such as benzo[a]pyrene, also are strong EROD inducers, we hypothesized that both effects relevant to carcinogenicity may be exhibited by the same set of toxicants. To test this hypothesis, effect-directed fractionation and analysis were applied using EROD induction in the rainbow trout liver cell line RTL-W1 [19, 20] and mutagenicity in the Salmonella/microsome assay as toxicological endpoints [21] . To get a comprehensive picture of the mutagenic and EROD-inducing potency, a sequential fractionation procedure was applied [22] that previously enabled the successful identification of CYP1A inducers in sediment extracts from the industrial area of Bitterfeld (Germany) [20, 23] . The fractionation procedure provides five primary fractions characterized by the following: Nonpolar aliphatic compounds (e.g., alkanes and alkenes); nonpolar aromatic compounds (e.g., PAHs); slightly polar compounds, such as triazines and phosphoric ester pesticides; very polar acidic compounds; and very polar alkaline compounds. Because preliminary tests showed a predominance of the EROD induction potency as well as a high mutagenic activity in the nonpolar aromatic fraction, the present study focused on this fraction, even if some activity also was detected in more polar fractions.
MATERIALS AND METHODS

Sampling and sample preparation
Near-surface sediment samples (depth, 0-5 cm) were drawn in the Forellenbach creek, close to the discharge of hospital wastewater and corresponding to sample Fb1 in a previous study [16] . The Forellenbach creek is situated in the catchment area of the river Neckar, which ranked among the most contaminated areas in Germany during the 1970s and has shown slight improvement within the last few decades. A detailed characterization of the sampling location and procedure was given by Hollert et al. [16] . Several sediment samples from the same location were pooled, homogenized, and freeze-dried. An aliquot of 200 g was Soxhlet extracted with dichloromethane for 24 h. Elemental sulfur was removed by shaking the extract with activated copper overnight.
Fractionation
Fractionation was performed using a recently developed, sequential procedure [22] with some modifications (Fig. 1) . Briefly, the sediment extract was fractionated on an alumina gravity column (activity I; ICN Biomedicals, Eschwege, Germany), which was deactivated with 4.5% distilled water, eluting nonpolar aliphatic (F1), nonpolar aromatic (F2), polar (F3), and very polar (F4) compounds on subsequent elution with nhexane, n-hexane/dichloromethane (95:5, v/v), dichloromethane, and methanol/acetic acid (99:1, v/v), respectively. After addition of water, fraction F4 was liquid-liquid extracted with dichloromethane under acidic (F4ac) and alkaline (F4alk) conditions.
After cleanup, the extract was separated according to the number of aromatic carbon atoms by normal-phase high-performance liquid chromatography (NP-HPLC) on a stainlesssteel column (21 ϫ 250 mm) packed with nitrophenylpropylsilica (5-m Nucleosil 100-5 NO 2 ; Macherey and Nagel, Dür-en, Germany) with a pore diameter of 100 Å and applying nhexane/dichloromethane as mobile phase at a flow rate of 19 ml/min. Seven fractions (F2.1 to F2.7) were collected [22] . For mutagenicity assessment, fraction F2.6 was subdivided in subsequently eluting subfractions (F2.6a and F2.6b). The fractions typically are characterized by the following compounds: F2.1, diaromatic fraction, including polychlorinated biphenyls (PCBs), polychlorianted dibenzo-p-dioxins and dibenzofurans (PCDD/Fs), polychlorinatd naphthalenes (PCNs), and the nonchlorinated parent compounds; F2.2, PAHs with 12 to 13 aromatic C-atoms (ARCs), such as acenaphthylene and fluorene; F2.3, PAHs with 14 ARCs, such as anthracene and phenanthrene; F2. 4 Oncorhynchus mykiss) [24] using confluent monolayers in 48-well tissue-culture plates according to the protocol described in detail elsewhere [25, 26] . Cells were exposed to the extracts dissolved in dimethyl sulfoxide (DMSO) at a final concentration of 0.5%. Dilutions spanned six orders of magnitude, and each dilution was applied to the cells in triplicate wells, with a duration of exposure of 24 h. In addition to extract dilution, a dilution series of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD; 1.21, 2.42, 4.48, 9.68, and 38.8 pmol/L) was included on every plate as a positive control. For calculating CYP1A or EROD-inducing potencies, a logistic model was fitted to the dose-response data obtained on each plate for TCDD as well as to the ascending branch of the typically peak-or bell-shaped dose-response plots for the sediment fractions [20] . The calculation of biologically derived induction equivalent quantities (IEQ B ) was based on fixed effect-level concentrations (EC15 TCDD ). These values are the TCDD-equivalent concentrations of extracts and fractions exhibiting an EROD induction that corresponds to 15% of the maximum EROD induction achieved by TCDD [19, 20] . Determination of EC15 TCDD values based on dose-response relationships of fractions and the positive-control TCDD is shown in Figure 2 for fraction F2.
Mutagenicity of the samples was assessed using the Salmonella plate incorporation assay according to the standard test protocol [27] with and without exogenous metabolic activation (S9 induction by ␤-naphthoflavone/phenobarbital). Tester strains TA98 and TA100 were employed to investigate the mutagenic activity of sediment extracts. Strain TA100 is sensitive for detecting base-exchange mutations, and strain TA98 is able to detect frameshift mutagens, which lead to a mismatch of the amino acid sequence during translation [21] .
The highest concentration tested in the assay was 1,000 mg of sediment equivalents (SEq) per plate; the lowest was 15.6 mg SEq/plate (1:2 dilution steps). In all cases, DMSO was used as the diluting solvent. Positive controls (TA98: 2.5 g/ plate of 2-nitropyrene, n ϭ 5; TA100: NaN 3 ) and negative (DMSO, n ϭ 10) controls were included in each experiment. Plate counts were 1,813 Ϯ 478 (n ϭ 22) for the positive control and 32.5 Ϯ 8 (n ϭ 34) for negative control with TA98 as well as 1,295 Ϯ 192 (n ϭ 146) for the positive control and 190 Ϯ 34 (n ϭ 142) for negative control with TA100 without S9 activation. For tests with metabolic activation, 2-aminoanthracene or 2-aminofluorene were used as a positive control (2.5 g/plate; both from Sigma-Aldrich). For TA98, plate counts with S9 were 1,813 Ϯ 478 (n ϭ 18) and 1,581 Ϯ 124 (n ϭ 10) for the positive controls for 2-aminoanthracene and 2-aminofluorene, respectively, and 50.5 Ϯ 12 (n ϭ 61) for the negative control. For TA100 with S9, the positive control exhibited 1,206 Ϯ 282 counts per plate, and the negative control exhibited 142 Ϯ 98 counts per plate. Ten replicates for the negative control (DMSO) and three replicates per sample concentration were tested. Revertant colonies were counted, and induction factors (IFs) were calculated by dividing the number of revertants of the extract concentration by the mean of the number of revertants of the negative control. Revertants per plate (REV/P) or mean IFs and standard deviations were plot- ted as dose-response curves and used to determine the maximum IF (IF max ) as the highest IF score of a particular sample within the dose-response curve [28] . Genotype of tester strains was checked on a routine basis every six months. Data were analyzed with the Kruskal-Wallis H test (SigmaStat; SPSS-Jandel, Erkrath, Germany). In cases of significant differences between the groups, post-hoc Dunnett's tests were used to identify concentrations that differed significantly (p Ͻ 0.05) from the controls. Depending on the variance of replica and control groups, a significant mutagenic activity was assumed if the IF was higher than 1.4 [21] . However, only fractions with clear-cut mutagenicity and IFs of at least 2.0 were used for subsequent analyses. As a control for the validity of a given test, fractions elucidating major mutagenicity were tested in the subsequent confirmation analyses in another independent experiment with an elevated dose-response curve. These results were in good accordance with those of the first screening procedure (variability, Ͻ20%). Genotype of tester strains was checked on a routine basis every six months.
Chemical analysis
Chemical analysis was performed using gas chromatography with mass-selective detection (GC/MS) [22] . After splitless injection at 280ЊC, the analytes were separated on a capillary column (HP-5MS; length, 30 m; inner diameter, 0.25 mm; film thickness, 0.25 m; Agilent Technologies, Waldbronn, Germany) using He (1 ml/min) as carrier gas. The oven temperature was programmed from 70 to 280ЊC at a rate of 7ЊC/min, followed by isotherm conditions for 2 min and subsequent heating at 7ЊC/min to a final temperature of 300ЊC and a final time of 2 min. The transfer-line temperature was held at 280ЊC. The PAHs were quantified based on the molecular ion using a mixture of deuterated PAHs (ES2528; Promochem, Wesel, Germany) as internal standard.
Additional RP-HPLC analysis of fraction F2.6b.7 was run using two high-pressure pumps (Kontron HPLC-pump 422; Biotek Instruments, Neufahrn, Germany) connected to a diodearray detector (DAD 440; Biotek Instruments). Ultraviolet (UV) spectra were recorded from 200 to 400 nm. The analytes were separated on two serially connected, stainless-steel columns (4 ϫ 250 mm each) packed with a polymeric and endcapped octadecylsilica phase with a pore diameter of 100 Å developed for optimized PAH separation (Nucleosil 100-5 C 18 PAH; Macherey and Nagel) using 0.5 ml/min of acetonitrile/ water as a mobile phase, with a gradient from 70:30 to 90:10 within 20 min and with subsequent isocratic elution for 100 min.
RESULTS
EROD-inducing potency of sediment extract fractions
Full dose-response plots were recorded for all active fractions (Fig. 3) . To correct for slight, day-to-day deviations in maximum induction as observed for the positive-control TCDD, every sample was tested together with TCDD on the same plate. Responses are given as a percentage of maximum induction. The IEQ B values based on fixed-effect level EC15 TCDD values derived from the dose-response relationships (Fig. 4) were used to characterize the EROD-inducing potency This equals approximately one-fourth the IEQ B values of a sediment from the area of Bitterfeld highly contaminated with PCDD/Fs [20] . The gravity-column fractionation according to polarity yielded five fractions, with highest activity in the nonpolar aromatic fraction (F2) followed by the slightly polar fraction (F3), with an activity of approximately 30% that of fraction F2. The aliphatic (F1) and the polar (F4ac and F4alk) fractions did not contribute significantly to the EROD-inducing potency of the extract (results not shown). The separation of aliphatic and polar compounds from nonpolar aromatics (F2) resulted in an activity of this fraction slightly exceeding that of the crude extract (Fig. 4) . The NP fractionation yielded fractions that differed in terms of induction potencies by more than three orders of magnitude. The diaromatic fraction F2.1 that typically contains PCDD/Fs, PCBs, and PCNs did not contribute significantly to total EROD induction. Fraction F2.5 exhibited the highest induction potency, followed by F2.6a and F2.6b, with less than one-fifth the potency of F2.5. The potency of F2.5 exceeded that of the extract after cleanup by a factor of 1.4.
These results clearly indicate that CYP1A induction of the Forellenbach sediment extract is caused by polyaromatic compounds rather than halogenated diaromatic hydrocarbons, such as PCDD/Fs, PCBs, and PCNs. The major activity coeluted with chrysene and benz[a]anthracene in fraction F2.5 from the nitrophenylsilica column, followed by fractions F2.6a and F2.6b coeluting with benzo[a]pyrene and benzo[e]pyrene, respectively. Fractions F2.6a and F2.6b together exhibited approximately 27% of the potency of fraction F2.5.
After subsequent RP fractionation of fraction F2.5, only approximately 2.5% of the EROD-inducing potency could be recovered in RP fractions (results not shown). The reason for this loss of activity is unknown. Recoveries of standard compounds in RP fractionation were greater than 70% [22] . The basically good performance of the RP fractionation of the sediment extract fraction F2.5 was confirmed by recoveries of 50 to 100% for compounds that could be quantified in both fraction F2.5 and its subfraction (Table 1) .
Chemical analysis of EROD-inducing fractions
Approximately 30 peaks could be resolved in the gas chromatogram of fraction F2.5 (Fig. 5) . This fraction exhibited the maximum ability of all fractions tested to induce EROD. The two major peaks represent the parent PAHs benz[a]anthracene (peak 4) and unresolved chrysene and triphenylene (peak 5), with a molecular weight (MW) of 228. Methylated (MW 242; peaks 8-11) and dimethylated (MW 256; peaks 18-24) deriv- atives also could be detected. In addition to PAHs, several O-, N-, and S-heterocyclic aromatic compounds were tentatively identified. They include naphtho[2,1,8,7-klmn]xanthene (peak 6), dinaphthofurans (peaks 26-28), a dibenzocarbazole (peak 7), benzo[b]naphthothiophene isomers (peaks 2 and 3), and a C 18 H 10 S-thiaarene (MW 258; peak 25). Examples for C 18 H 10 S-thiaarenes were given by Thuß et al. [29] . The presence of sulfur was indicated by M/Mϩ2 ratios of approximately 100:6.5 rather than 100:2.4 for PAHs and oxygen heterocycles.
After RP subfractionation, individual isomers of methylchrysenes and benz[a]anthracenes could be identified and quantified (Table 1) based on the retention of neat standards in RP-HPLC and GC [22] . Several additional peaks with MW 240 and mass spectra with a high signal at M-1 were resolved after subfractionation. The concentrations of many parent and methylated PAHs detected in sediment extracts for the present study are on the same order of magnitude as that for a sediment in the industrial area of Bitterfeld, which is believed to be among the most contaminated areas in Germany [23] . However, 2-(2-naphthalenyl)-benzothiophene, dinaphtho[1,2-b-1Ј,2Ј-d]furan, and dinaphtho[2,1-b-2Ј,3Ј-d]furan, which were responsible for major portions of EROD-inducing potency of fraction F2.5 from Bitterfeld, could not be detected in fraction F2.5 from the Forellenbach sediments.
Confirmation of EROD inducers
Because EROD induction equivalent factors are available only for a few compounds [23] , a comprehensive estimation of chemically derived IEQs (IEQ C ) for fraction F2. 5 approximately 0.13% of the IEQ B of fraction F2.5. Thus, more than 99% of the EROD activity of fraction F2.5 was induced by nonpriority pollutants.
Mutagenicity of sediment extract fractions
The crude extract exhibited a slight mutagenic response only at the lowest test concentration. At higher concentrations, no mutagenicity was observed. After primary fractionation, the nonpolar aromatic fraction F2 and the moderately polar fraction F3 were significantly mutagenic with and without S9 activation (ϳ150 REV/P), whereas the aliphatic fraction F1 and the very polar fractions F4ac and F4alk did not exhibit mutagenicity (Fig. 6A) . For the reconstructed mixture of the fractions F1 through F4, mutagenicity in the range of fractions F2 and F3 was observed. Further subfractionation of fraction F2 with subsequent biotesting identified fraction F2.6.b as mutagenic without S9 activation and fractions F2.6a, F2.6b, and F2.7 as mutagenic with S9 activation (Fig. 6b) . No clear dose dependency could be observed for mutagenicity with S9 activation. This indicates the presence of compounds that inhibit mutagenicity or the enzymatic activation of the mutagens. For fraction F2.5, which exhibited the strongest EROD-inducing potency, only minor mutagenicity (Ͻ100 REV/P) could be observed when assessed in the Ames test with S9 supplementation. Further separation of fraction F2.5 did not exhibit any mutagenic subfractions (data not shown).
Reversed-phase fractionation of fraction F2.6.a yielded nine subfractions. Four subfractions (F2.6a.3, F2.6a.4, F2.6a.8, and F2.6a.9) were slightly mutagenic without activation (59 Յ x Յ 81 REV/P, IF max ϭ 1.6 Յ x Յ 1.9) (Fig. 6c) , although no dose-dependent increase could be observed. With activation, an elevated mutagenicity was shown for fractions F2.6a.8 and F2.6a.9 (355 and 123 REV/P, respectively; IF max ϭ 11.0 and 3.8, respectively), indicating the presence of indirect mutagens, which were activated by S9 (Fig. 6c) .
Reversed-phase fractionation of fraction F2.6b yielded nine subfractions, with three exhibiting IFs of greater than 2.0 without activation, indicating direct mutagenicity (Fig. 6d) . After activation with S9, strong mutagenicity was detected in fraction F2.6b.7, with a dose-dependent increase (534 REV/P, IF max ϭ 6.0). Additional indirect mutagenicity was detectable in fractions F2.6b.3, F2.6b.6, and F2.6b.8 (69, 100, and 109 REV/ P, respectively; IF max ϭ 2.2, 2.5, and 3.1, respectively). This finding is in clear accordance to what was expected, because the fractions are characterized by PAHs considered to be indirect mutagens. The high indirect mutagenicity of fraction F2.6b.7 was recovered in a reconstituted mixture of fraction F2.6.b subfractions (MF2.6.bx; Fig. 6d ) the mutagenicity of the initial fraction was much lower. This indicates the removal of masking or inhibiting compounds during the fractionation procedure.
The significant direct mutagenicity observed for the initial fraction F2.6b was distributed using the subfractionation over several sub fractions (F2.6.b3 through F2.6b.9), indicating different compounds causing mutagenic effects.
Chemical analysis of mutagenic fractions
With respect to mutagenicity, fractions F2.6a and F2.6b were selected for further fractionation and chemical analysis. Both fractions were characterized by PAHs with a MW of 252, including benzopyrenes, benzofluoranthenes, and perylene. The concentrations of major components in the subfractions are given in Table 2 . Concentrations are in the upper range of what has been measured previously in European river sediments [30] , suggesting the Forellenbach sediments as being highly contaminated with PAHs. All analyzed compounds are known mutagens in the Samonella typhimurium strain TA98 after metabolic activation [30] and, thus, are suspected to contribute to the mutagenicity of fractions F2.6a and F2.6b as well as the respective subfractions. In the mutagenic subfractions F2.6a8 and F2.6a.9 exclusively, benzo[a]pyrene could be detected. Subfractions F2.6b.3 and F2.6b.6 are characterized by benzo[a]fluoranthene and by perylene, respectively.
Because fraction F2.6b.7 was highly mutagenic after S9 activation but did not contain any of the routinely analyzed priority PAHs listed by the U.S. Environmental Protection Agency, chemical analysis focused on the identification of nonpriority pollutants. The GC/MS analysis yielded three major peaks: A, B, and C (Fig. 7) . Peaks A and B were characterized by typical PAH mass weight spectra, with a molec-W. Brack et al. ular ion weight of 266 and low intensity of the M-1 ion (spectra not shown). These spectra suggest PAHs with a MW of 252 for the aromatic body and an additional methyl-substituent. Peak C indicates a PAH-like compound with a MW of 264. The high intensity of M-1 suggests an additional CH 2 group bridging two ARCs of a parent PAH with a MW of 252. In addition, some minor peaks were detected, including perylene, which predominantly eluted in the previous subfraction, as well as additional PAHs with a MW of 266.
Analysis of fraction F2.6b.7 by RP-HPLC resolved three major peaks at 254 nm (peaks 1-3) (Fig. 8) . Peaks 1 and 3 both had a typical benzo[e]pyrene UV spectrum, whereas the spectrum of peak 2 was similar to that of perylene. The retention times did not fit either benzo[e]pyrene or perylene. The peaks were collected as fractions for subsequent GC/MS analysis. This allowed the assignment of mass and UV spectra. The GC/MS analysis of HPLC peaks 1 and 2 indicated PAHlike compounds with a MW of 266. Together with the UV spectra, this suggests a methylbenzo[e]pyrene for HPLC peak 1 and a methylperylene for HPLC peak 2. The UV spectrum of HPLC peak 3 (MW 264) is in good agreement with the spectrum of benzo[e]pyrene, suggesting a benzo[e]pyrene aromatic body bridged by an additional CH 2 group. The only possible structure fitting to these properties is 11H-indeno[2,1,7-cde]pyrene (CAS 59004-71-6) (Fig. 7) . In an early investigation regarding carcinogenic PAH fractions of automobile exhaust gas, a compound with a UV spectrum identical to the spectrum of peak 3 was detected and tentatively identified as 11H-indeno[2,1,7-cde]pyrene [31] .
Confirmation of mutagens
The major mutagenic potential of fraction F2.6a was recovered in subfractions F2.6a.8 (355 REV/P, IF max ϭ 11,) and F2.6a.9 (194 REV/P, IF max ϭ 4). Benzo[a]pyrene was analyzed in these subfractions at concentrations of 4,000 and 400 g/ kg sediment, resulting in a maximum load of 4.4 and 0.4 g of benzo[a]pyrene, respectively, per plate in the Ames test. The revertants induced by pure benzo[a]pyrene at several concentrations and an equivalent amount of sediment extract to replicate the benzo[a]pyrene concentration were found to be approximately equal (Fig. 9 ).
Perylene appears to account for most of the indirect mu- 10 . Contribution of perylene to the mutagenicity of the fraction F2.6b.6 in the Ames test with strain TA98 and S9 supplementation. Data are given as revertants per plate and the standard deviation as milligrams of mg sediment equivalent per plate (0 mg ϭ dimethyl sulfoxide [DMSO] controls; n ϭ 10). The mutagenicity of perylene is referenced to the concentrations of the corresponding sediment fractions; for example, for 1,000 mg of sediment equivalents (SEq) per plate, the perylene concentration was 1.8 g/plate, which was used as highest concentration in the Ames test. tagenicity of fraction F2.6b.6. At concentrations corresponding to 1,000 mg of SEq, the pure compound and the fraction induced mutagenicity by factors of 2.1 and 2.5 (84 and 100 REV/ P), respectively (Fig. 10) . The good agreement of the dose-response curves of the subfraction F2.6b.3 and its major component, benz[a] fluoranthene (Fig. 11) , confirms this compound as the cause of the measured indirect mutagenicity of this subfraction.
Because 11H-indeno[2,1,7-cde]pyrene, methylbenzo[e]pyrenes, and methylperylenes are not commercially available, no confirmation of mutagenicity could be performed. In an early study, a compound tentatively identified as 11H-indeno[2,1,7-cde]pyrene was isolated from a carcinogenic fraction in automobile exhaust condensates and confirmed to be carcinogenic in mice [32] .
Some direct mutagenicity was found in many fractions. No individual mutagens could be identified and confirmed as the cause of these effects.
DISCUSSION
EROD induction
In the Forellenbach sediment extract, only a minor portion of the total EROD-inducing potency resulted from PCDD/Fs, PCBs, PCNs, and priority PAHs. This finding stresses the potential contribution of nonpriority pollutants to environmental hazards. The major activity was recovered in the nonpolar aromatic fraction F2 (130% of the extract activity) and in fraction F2.5 coeluting with chrysene and benz [a] anthracene (140% of the activity of F2). Recoveries of more than 100% indicate the removal of toxicants that inhibit EROD induction or activity by fractionation. Recovery of major EROD-inducing potency in fraction F2.5 is in agreement with the findings of a previous study in the area of Bitterfeld despite different sources of pollution [23] . In both studies, the predominant components of this fraction include chrysene, triphenylene, benz[a]anthracene, and alkylated derivatives as well as binaphthalenes and oxygen-, sulfur-, and nitrogen-containing heterocycles with a MW from 234 to 268. However, the dinaphthofurans and naphthalenylbenzothiophenes that were major contributors to the EROD potency of the Spittelwasser sediment could not be detected in the Forellenbach sediment.
During subsequent RP fractionation, most of the ERODinducing potency was lost. This result is not reflected by the recoveries of chemically analyzed polycyclic aromatic compounds (PACs) which were in the range of 70 to 100% for standard compounds [22] and 50 to 100% for extract components (present study). Possible reasons for the low recovery of EROD-inducing potency include the following: First, the selective loss of highly potent toxicants that were not detectable in GC/MS because of concentrations less than the detection limit or masking by coeluting compounds, and second, synergistic effects that were lost by fractionation. The latter hypothesis could be basically proved by testing a reconstituted mixture and comparing that to the initial sample. In our case, this was not possible because of the limited available sample amounts. However, to the best of our knowledge, synergistic effects on this order of magnitude have never been observed for EROD induction. Interestingly, RP fractionation of the corresponding fraction F2.5 of the sediment extract from Bitterfeld also yielded a low recovery (30%), which was not in agreement with chemical recoveries [23] . This may have common causes, which remain to be identified.
Mutagenicity
The crude sediment extract did not induce a positive genotoxic response, but two of the four primary fractions isolated from the sediment extract, as well as the mixture reconstituted from the primary fractions, were significantly mutagenic. Further fractionation steps, such as fractions F2.6a and F2.6b, resulted in significantly enhanced mutagenicity in individual subfractions. This suggests masking effects of interfering compounds that inhibited mutagenicity and/or the activation of indirect mutagens and that were removed by fractionation. The mutagenic response of the reconstituted mixture in contrast to the crude extract suggests irreversible binding of mutagenicity masking or suppressing compounds to alumina. Thus, alumina adsorption appears to be an effective cleanup for subsequent mutagenicity testing. The phenomenon of suppressive effects of chemicals in mixture on the Salmonella plate test response in the absence of apparent toxicity is well known, although the underlying mechanisms are poorly understood [33] . They may include the reduction of mixture cytotoxicity, increasing uptake of genotoxic compounds, effects on enzyme alteration of genotoxic compounds, or other chemical interactions. Through decreasing the complexity of environmental mixtures by cleanup or fractionation, the probability of such suppressive effects also decreases. This often leads to increasing mutagenic responses after fractionation. In the ecosystem, fractionation may occur by different adsorption, distribution, metabolism, and excretion behavior of components of complex mixtures in vivo that may separate mutagens from masking or suppressive compounds.
In complex environmental mixtures, suppressive effects are superimposed by mixture effects of different mutagenic components. These are not well understood, either [34] . The generally assumed concept of effect addition [35] has not been rigorously tested and is contradicted by the results of many studies [36] . This has severe implications for mutagenicity assessment and identification in complex environmental mixtures. A lack of mutagenic response to crude sediment extracts is not a conclusive indication for the absence of mutagens. Ranking sediments according to apparent mutagenicity of crude extracts in the Ames test may be misleading with respect to hazard and risk assessment. Cleanup and fractionation procedures before biotesting enhance the reliability of mutagenicity assessment. However, whereas a positive response to a fraction basically indicates a mutagenic hazard, false-negative responses are an important concern for hazard assessment. In the present study, fraction F2.6b exhibits only low mutagenicity with S9, although a highly mutagenic subfraction (F2.6b.7) may be isolated from this fraction.
Because reliable concepts for the prediction of mixture mutagenicity are not available, quantitative statements regarding the contribution of individual compounds or fractions to the total mutagenic potential, mutagenicity balances, and decisions regarding the portion of unidentified mutagenicity are very problematic and should be avoided.
Secondary fractionation suggested fractions F2.6a and F2.6b as priority fractions for mutagenicity identification, with IFs of two or more either with or without S9 activation. Both fractionations yielded subfractions with high indirect mutagenicity, including fractions F2.6a.8, F2.6a.9, F2.6b.3, F2.6b.6, F2.6b.7, and F2.6b.8. In all these fractions except F2.6b.8, the responsible mutagens could be identified and, in most cases, confirmed as the cause of the effect. In addition, fraction F2.5, which predominated Ah receptor-mediated activity, was further fractionated and tested for mutagenicity without significant mutagenicity being found in any subfraction, suggesting minor mutagenic hazards because of fraction F2.5.
In fractions F2.6a.8 and F2.6a.9, the most prominent mutagenic PAH, benzo[a]pyrene, was confirmed as the cause of the measured effect. The compound is well known to contribute significantly to sediment mutagenicity [37] and is listed as a U.S. Environmental Protection Agency priority pollutant. Benzo[a]fluoranthene also was confirmed as the cause for the mutagenicity in fraction F2.6b.3. This nonpriority PAH occasionally was identified in mutagenic sediment extract fractions [38] , but without confirmation of its contribution to sediment mutagenicity. To our knowledge, only one early study by Lee-Ruff et al. [39] reported a mutagenicity of benz[a]fluoranthene of 168 and 380 revertants per microgram in the Ames test with TA98 and TA100, respectively. This is in the range of 5-methylchrysene, which was ranked as an active carcinogen according to the scale proposed by Cavalieri et al. [40] and by Braga et al. [41] .
Perylene was confirmed as the cause of mutagenicity in fraction F2.6b.6. This compound is known to be mutagenic in the Ames test [42] . However, it is not listed among the U.S. Environmental Protection Agency priority pollutants, and the number of investigations concerning perylene toxicity is rather limited. In sediments, perylene can be formed from early diagenesis of plant pigments; thus, it sometimes is considered to be a geochemical marker for plant pigments, such as chlorophyll a. Its presence in sediments is not necessarily indicative of anthropogenic impact [43] .
In the highly mutagenic fraction F2.6b.7, 11H-indeno[2,1,7-cde]pyrene, one methylbenzo[e]pyrene, and one methylperylene were tentatively identified, whereas priority PAHs were not detectable. All three identified compounds are derivatives of mutagenic PAHs and may contribute to the mutagenic potential of fraction F2.6b.7. Mutagenicity and carcinogenicity of methyl-PAHs strongly depend on their methylation pattern, as shown for methylated benzo[a]pyrenes, benz[a]anthracenes, and others [41] . The isomers were not available commercially, and the low amounts available did not allow positive identification of the respective methylbenzo[e]pyrene and methylperylene isomer, such as that by nuclear magnetic resonance. No data regarding mutagenicity of methylbenzo[e]pyrene and methylperylene isomers were available. Thus, no confirmation of these compounds as contributors to mutagenicity could be performed. 11H-indeno[2,1,7-cde]pyrene already has been tentatively identified, isolated from a carcinogenic fraction in automobile exhaust condensates, and confirmed to be carcinogenic in mice [32] . Thus, strong evidence indicates that this compound contributes to the mutagenicity of fraction F2.6b.7. To the best of our knowledge, 11H-indeno[2,1,7-cde]pyrene has not been identified previously in sediments.
CONCLUSION
In Forellenbach sediments, Ah receptor-mediated activity and mutagenicity were found on the same order of magnitude as in the industrial area of Bitterfeld, which is believed to be one of the most contaminated areas in Germany. For both effects, nonpolar polyaromatic compounds were major contributors, whereas the contribution of dioxin-like compounds was negligible. Major EROD induction potency and mutagenicity were detected in different polyaromatic fractions, indicating different sets of toxicants inducing metabolic activation and mutagenicity. We found no clear evidence of hospital wastewater-specific toxicants as a cause for the measured effects.
Nonpriority pollutants proved to contribute significantly to mutagenic and carcinogenic hazards in contaminated sedi- 
